Meteorological Institute (FMI), includes prognostic treatment of lake surface state since 2012. Forecast is based on the Freshwater Lake (FLake) model integrated to HIRLAM. Additionally, an independent objective analysis of lake surface water temperature (LSWT) combines the short forecast of FLake to observations from the Finnish Environment Institute (SYKE).
or snow-on-ice temperature for the frozen points. In FLake, ice starts to grow from an assumed value of one millimeter when temperature reaches the freezing point. The whole lake tile in a gridsquare is considered by FLake either frozen or unfrozen.
Snow on ice is accumulated from the model's snowfall at each time step during the numerical integration.
Objective analysis of LSWT observations
A comprehensive description of the optimal interpolation (OI) of the LSWT observations in HIRLAM is given by Kheyrollah 5 Pour et al. (2017) . Shortly, LSWT analysis is obtained by correcting the FLake forecast at each gridpoint by using the weighted average of the deviations of observations from their background values. Prescribed statistical information about the observation and background error variance as well as the distance-dependent autocorrelation between the locations (observations and gridpoints) are applied. A specific feature of the lake surface temperature OI is that the interpolation is performed not only within the (large) lakes but also across the lakes: within a statistically pre-defined radius, the observations affect all gridpoints 10 containing a fraction of lake. This ensures that the analysed LSWT on lakes without own observations may also be influenced by observations from neighbouring lakes, not only by the first guess provided by FLake forecast.
Within the present HIRLAM setup, the background for the analysis is provided by the short (6-hour) FLake forecast. However, the next forecast is not initialised from the analysis, see Figure 1 . Instead, FLake continues running from the previous forecast, driven by the atmospheric state given by HIRLAM at each time step. This means that the result of OI analysis does 15 not benefit FLake but the analysis remains to some extent as an extra diagnostic field independent of the LSWT forecast. Note that FLake background has a large influence in the analysis, especially over distant lakes where neighbouring observations are not available.
Missing LSWT observations in spring and early winter are interpreted to represent presence of ice and given a flag value of -1.2
• C. If, however, the results of the statistical moving-average-type LSWT model (Elo, 2007) , provided by SYKE along with 20 the real-time observations, indicate unfrozen conditions, the observations are considered missing. This prevents appearance of ice in summer when observations are missing but leads to a misinterpretation of data in spring if the SYKE model indicates too early melting. In the analysis, fraction of ice is diagnosed from the LSWT field in a simple way. The lake surface within a gridsquare is assumed fully ice-covered when LSWT falls below -0.5
• C and fully ice-free when LSWT is above 0
• C. Between these temperature thresholds, the fraction of ice changes linearly .
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The HIRLAM surface data assimilation system produces comprehensive feedback information from every analysis-forecast cycle. The feedback consists of the observed value and its deviations from the background and from the final analysis at the observation point. Bilinear interpolation of the analysed and forecast values is done to the observation location from the nearest gridpoints that contain a fraction of lake. In addition, information about the quality check and usage of observations is provided. Fractions of land and lake in the model grid as well as the weights, which were used to interpolate gridpoint values 30 to the observation location, are given. We use this information as basic material of the present study (see sections 3.4 and 4). Regular in-situ lake water temperature (LWT) measurements are performed by SYKE. SYKE operates 32 regular lake and river water temperature measurement sites in Finland. The temperature of the lake water is measured every morning at 8.00 AM local time, close to shore, at 20 cm below the water surface. The measurements are recorded either automatically or manually and are performed only during the ice-free season (Korhonen, 2002; Rontu et al., 2012) . Measurements from 27 lakes (Figure 2 , Diagnosed LSWT from HIRLAM/FLake analysis and forecast cycles was compared with the observed LWT by SYKE using data from the analysis feedback files (Section 2.2) at the observation locations on 06 UTC every day.
Freezing and melting dates
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Both the analysed LSWT and the lake ice thickness forecast by FLake were separately used to define LID. The values were picked afterwards from the HIRLAM archive for a single gridpoint nearest to each of the 45 observation locations (not interpolated as in the analysis feedback file that was used for the LSWT comparison). For the definition of LID, it was assumed that the gridpoint value nearest to the location of the LSWT observation represents the ice conditions over the chosen lake. In autumn a lake can freeze and melt several times before final freezing. The last date when the forecast ice thickness crossed 20 a critical value of 1 mm or the analysed LSWT fell below freezing point was selected as the date of freezing. To decrease the effect of oscillation of the gridpoint values between the HIRLAM forecast-analysis cycles, the mean of the four daily ice thickness forecasts or analysed LSWT values was used. In the same way, the last date when the forecast ice thickness fell below the critical value of 1 mm or the analysed LSWT value crossed the freezing point was selected as melting day.
Validation methods
25
For LSWT statistics we used data collected during the HIRLAM surface analysis at each active observation location (Section 2.2), excluding the winter periods 1 December -31 March. The observations (ob) at 27 SYKE stations were assumed to represent the true value, while the analysis (an) is the result of OI that combines the background forecast (fc) with the observations. Time-series, maps and statistical scores, to be presented in Section 4.1, were derived from these. and also for our example lakes Lappajärvi and Kilpisjärvi, to be discussed in detail in Section 4.3. There were three lakes with negative LSWT bias according to FLake forecast, namely the large lakes Saimaa and Päijänne, the smaller Ala-Rieveli. After the correction by objective analysis, a small positive bias converted to negative over 6 additional lakes, among them the large lakes Lappajärvi in the west and Inari in the north. The mean absolute error decreased from forecast to analysis in every lake.
In the frequency distributions, the warm temperatures are evidently related to summer. For FLake, the overestimation of 20 maximum temperatures, especially in shallow lakes, is a knowm feature (e.g. Kourzeneva 2014) . It is related to the difficulty of forecasting the mixed layer thermodynamics under strong solar heating. Cold and subzero temperatures occur in spring and autumn. In a few large lakes like Saimaa, Haukivesi, Pielinen, LSWT tends to be slightly underestimated in autumn both according to the FLake and the analysis (not shown). However, as will be shown in Sections 4.2 and 4.3, the cold left-hand side columns in the frequency distributions are mainly related to spring, when HIRLAM/FLake tends to melt the lakes significantly 25 too early.
There are problems, especially in the analysed LSWT, over (small) lakes of irregular form that fit poorly the HIRLAM grid and where the measurements may represent more the local than the mean or typical conditions over the lake. These are the only ones where an underestimation of summer LSWT can be seen. Cases occur where FLake results differ so much from the observations that the quality control of the HIRLAM surface data assimilation rejects the observations, forcing also the 30 analysis to follow the incorrect forecast (not shown). 
Freezing and melting dates
Statistics of the error in melting and freezing dates are shown in Table 3 . 'LSWT an' refers to the melting/freezing dates computed from analysed lake surface temperature and 'IceD fc' to those estimated from the forecast ice thickness. Over the 45 lakes included in this comparison, the number of cases of melting was 288 as estimated from the analyzed LSWT and 258 as estimated from the forecast ice thickness. The difference is due to starting time of our data. When the data started at the 1st of
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April 2012, at several stations the lake was already open according to FLake forecast while the analysed LSWT still indicated frozen conditions. For freezing, the number of cases was 233 according to both estimates. As the data contains the time period from the 1st April 2012 to the 30th June 2018, the maximum number of freezing events on an individual lake is six and that of melting events seven. In practice, the number may be less for some lakes because of missing observations. of cases the freezing occurs more than five days too late and only in 9% / 11% cases more than two weeks too late. This class of more than two weeks too late freezing consists of 25 cases which are distributed over 15 lakes, thus in most cases one event
per lake. This suggests that the error is related more to individual years than to systematically problematic lakes. It is worth noting, that cases where the error is over 45 days, are all but one due to one lake, Kevojärvi which is situated in the very north of Finland. This lake is narrow, with an area of 1 km
, and situated in a steep canyon. Therefore it is poorly represented by the HIRLAM grid and both FLake and analysis results seem unreliable.
Concerning the cases of too early freezing, in 44% / 32% of the cases freezing occurs more than five days too early and in
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19% / 15% more than two weeks too early. Looking at the errors in melting dates (Figure 6 ), both estimates indicate too early melting and the distribution is strongly skewed towards too early dates. Based on the LSWT analysis, the maximum frequency (52 %) occurs in the class -14 --5 days while based on the ice thickness, the maximum frequency (47 %) is in the class -24 --15 days. The mean values are -15.2 and 5 -20.5 days and the standard deviations are 8.5 and 9.2 days, respectively. FLake suggests only three cases in the unbiased class -4 -+5 while according to the LSWT analysis there are 12 cases in this class. Hence, the melting dates derived from analysed LWST correspond the observations better than those derived from FLake ice thickness forecast but both are strongly biased towards too early melting. In the class where the error is over 35 days too early there are 19 cases on 12 different lakes. Four cases of these occured in the largest error category (over 45 days) on Lake Kilpisjärvi.
If we compare the error in freezing or melting dates based on analysed LSWT on those (27) lakes where SYKE temperature observations are available and used in the analysis to the rest (18) of lakes with no observations, it appears that the differences are small (not shown). Furthermore, similar differences appear also on the error estimates based on ice thickness from FLake. This suggests that the differences between these groups are related to the individual properties of the lakes: their depth, size, shape etc. rather than to the usage of LSWT observations in the analysis. We can conclude that HIRLAM/FLake succeeds rather well in predicting the freezing of Finnish lakes. Almost in half of the cases the error is less than ± 5 days. Some bias towards too early freezing can be seen. Melting is more difficult. FLake predicts melting always too early, with a mean error of over two weeks, and the LSWT analysis mostly follows it. The statistics 5 suggest that only on a few stations the freezing or melting dates were systematically wrong during most of the years. Instead, most of the large errors were distributed among many lakes. The result of the freezing or melting dates diagnostics is somewhat sensitive to how the tresholds for freezing and melting are set. Here we used 1 mm for ice thickness and the freezing point for the LSWT analysis as the critical values. 
Comparisons on three lakes
In this section we combine the analysis of LWST time-series and LID for two representative lakes, Kilpisjärvi in the north and Lappajärvi in the west (see the map in Figure 2 ). Observed and forecast ice and snow thickness are discussed, using also additional data from Lake Simpelejärvi in the south-east of Finland.
Lake Kilpisjärvi is an Arctic lake at the elevation of 473 m, surrounded by fells. Its average/maximum depth is 22.5/57 m 5 and the surface area 37.33 km
2
. The heat balance as well as the ice and snow conditions on Lake Kilpisjärvi have been a subject of several studies Lei et al., 2012; Yang et al., 2013) . Typically, the ice season lasts there seven months from November to May. Lake Lappajärvi is formed from a 23 km wide meteorite impact crater, which is estimated to be 76 million years old. It is Europe's largest crater lake with a surface area of 145.5 km . This lake is located at the border between Finland and Russia and belongs to the catchment area of Europe's largest lake, Lake Ladoga in Russia. Generally, in spring FLake tends to melt the lakes too early, as already indicated by the LID statistics (Section 4.2). The too early melting and too warm LSWT in summer show up clearly in Kilpisjärvi (Figure 12 ). In Lappajärvi, the model and analysis are able to follow even quite large variations of LSWT in summer, but tend to somewhat overestimate the maximum temperatures. Overestimation of the maximum temperatures by FLake is still more prominent in shallow lakes (not shown). In autumn over Lakes Lappajärvi and Kilpisjärvi, the forecasts and analyses follow closely the LSWT observations and reproduce 5 the freezing date within a few days, which is also typical to the majority of lakes. Figure 13 shows a comparison of forecast and observed evolution of ice and snow thickness on Lappajärvi, Kilpisjärvi and
Simpelejärvi in winter 2012-2013, typical also for the other lakes and years studied. In all three lakes, the ice thickness starts to grow after freezing both according to the forecast and the observations. In the beginning HIRLAM/FLake ice grows faster than observed. However, according to the forecast ice thickness starts to decrease in March of every year but according to the observations only a month or two later. The most remarkable feature is that there is no snow in the FLake forecast. It was found that this was due to a coding error in the HIRLAM reference version 7.4 which is applied operationally in FMI.
The too early melting of ice in the absence of snow could be explained by the wrong absorption of the solar energy in the model. In reality, the main factor of snow and ice melt in spring is the increase of daily solar radiation. In HIRLAM, the downwelling short-wave irradiance at the surface is known to be reasonable, with some overestimation of the largest clear- (valid for the latitude of Lappajärvi in the end of March) would mean availability of extra 125 Wm−2 for melting of the ice, which corresponds the magnitude of increase of available maximum solar energy within a month at the same latitude.
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The forecast of too thick ice can also be explained by the absence of snow in the model. When there is no insulation by the snow layer, the longwave cooling of the ice surface in clear-sky conditions is more intensive and leads to faster growth of ice compared to the situation of snow-covered ice. In nature, ice growth can also be due to the snow transformation, a process whose parametrization in the models is demanding (Yang et al., 2013; Cheng et al., 2014) .
Conclusions and outlook
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In this study, in-situ lake observations from the Finnish Environment Institute were used for validation of the HIRLAM NWP model, which is applied operationally in the Finnish Meteorological Institute. It contains Freshwater Lake prognostic parametrizations and an independent objective analysis of lake surface state. We focused on comparison of observed and forecast lake surface water temperature, ice and snow thickness in the years 2012 -2018. Because the HIRLAM/FLake system was unmodified during this period, a long uniform dataset was available for evaluation of the performance of FLake integrated
20
in an operational NWP model. HIRLAM. The reason for the wrong behaviour in HIRLAM was evidently related to a coding error that prevented snow accumulation on lake ice. The too early melting and overestimated ice thickness differ from the results by Pietikäinen et al.
(2018); Yang et al. (2013) ; Kourzeneva (2014) , who reported somewhat too late melting of the Finnish lakes when FLake with realistic snow parametrizations was applied within a climate model or independently, driven by NWP data. It can be concluded that a realistc parametrization of snow on lake ice is importart in order to describe correctly the lake surface state in spring. A need for minor technical corrections in the FMI HIRLAM/FLake system was revealed. The snow accumulation bug was corrected in October 2018, based on our findings. Further developments and modifications are not foreseen because the HIRLAM NWP systems, applied in the European weather services, are being replaced by kilometre-scale HARMONIE-AROME-based operational systems (Bengtsson et al., 2017) , where the prognostic FLake parametrizations are also available.
HARMONIE/FLake uses the newest version of the global lake database (GLDB v.3) and contains updated snow and ice 5 properties that were suggested by (Yang et al., 2013) . The objective analysis of lake surface state is yet to be implemented into HARMONIE-AROME, taking into account the HIRLAM experience summarized in this study and earlier by Kheyrollah Pour 
